Structural complexities produced by the inhomogeneous distribution of the connections between cells and between muscle bundles have previously been considered to be of minor importance in the propagation of depolarization in cardiac muscle; conduction disturbances usually are attributed to changes in membrane properties along the course of the fibers. However, we observed marked effects of these connections on the velocity and the safety factor of propagation in atrial muscle under normal and abnormal conditions. First, within individual muscle bundles, intermittent connectivetissue septa were associated with localized dissociation of excitation when propagation occurred in the transverse direction, but not when it occurred in the longitudinal direction. Second, at sites where muscle bundles branch or join with other bundles, we observed abrupt slowing of normal action potentials and changes in the shape of the extracellular waveform. We also studied such a junction in a computer simulation of propagation and found that the local delay of propagation and the change in the shape of the extracellular waveform could only be accounted for by an abrupt change in the effective axial resistivity in the direction of propagation. Under normal conditions, enough depolarizing current is coupled across such discontinuities to maintain propagation. However, when the maximum membrane depolarizing current was reduced by increasing the extracellular potassium concentration or by premature stimulation, block occurred at these sites. We observed that most known cardiac conduction disturbances considered to require longer refractory periods in the direction of propagation (e.g., local conduction delay, decremental conduction, block, and reentry) can be produced by the effects on propagation of such discontinuities of effective axial resistivity. The results indicate that models of propagation that ignore the inhomogeneous and multidimensional distribution of cell-to-cell connections produce incomplete, and sometimes incorrect, descriptions of normal and abnormal propagation in cardiac muscle.
SUMMARY Structural complexities produced by the inhomogeneous distribution of the connections between cells and between muscle bundles have previously been considered to be of minor importance in the propagation of depolarization in cardiac muscle; conduction disturbances usually are attributed to changes in membrane properties along the course of the fibers. However, we observed marked effects of these connections on the velocity and the safety factor of propagation in atrial muscle under normal and abnormal conditions. First, within individual muscle bundles, intermittent connectivetissue septa were associated with localized dissociation of excitation when propagation occurred in the transverse direction, but not when it occurred in the longitudinal direction. Second, at sites where muscle bundles branch or join with other bundles, we observed abrupt slowing of normal action potentials and changes in the shape of the extracellular waveform. We also studied such a junction in a computer simulation of propagation and found that the local delay of propagation and the change in the shape of the extracellular waveform could only be accounted for by an abrupt change in the effective axial resistivity in the direction of propagation. Under normal conditions, enough depolarizing current is coupled across such discontinuities to maintain propagation. However, when the maximum membrane depolarizing current was reduced by increasing the extracellular potassium concentration or by premature stimulation, block occurred at these sites. We observed that most known cardiac conduction disturbances considered to require longer refractory periods in the direction of propagation (e.g., local conduction delay, decremental conduction, block, and reentry) can be produced by the effects on propagation of such discontinuities of effective axial resistivity. The results indicate that models of propagation that ignore the inhomogeneous and multidimensional distribution of cell-to-cell connections produce incomplete, and sometimes incorrect, descriptions of normal and abnormal propagation in cardiac muscle. Circ Res 50: [175] [176] [177] [178] [179] [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] 1982 IT IS well accepted that cardiac muscle consists of a syncytium of electrically coupled cells. Generally, this syncytium has been treated as uniform and homogeneous although such treatment is inconsistent with the structural complexity known to exist at several levels. Some investigators have recognized some of the electrical consequences of the structural anisotropy inherent in the parallel arrangement of elongated cells (e.g., Sakson et al., 1974; Clerc, 1976; Spach et al., in press ). This form of structural anisotropy contributes to what we have called "uniform" anisotropic propagation in which there is uniform propagation in all directions accompanied by smooth extracellular waveforms.
There may be a further contribution to this form of anisotropic propagation from another level of structural anisotropy, the packing of cells into small "unit bundles" (Sommer and Dolber, 1981) . At a more macroscopic level, an additional complexity in some regions is "nonuniform" anisotropy, in which propagation transverse to the long axis of the cells is interrupted such that adjacent fascicles are excited in a markedly irregular sequence: in this case, the extracellular waveforms show multiple small deflections. Though we have attributed such nonuniform anisotropy to insulating boundaries (Spach et al., 1979) , the anatomical substrate has not been defined. Finally, the junctions between large muscle bundles represent another level of structural complexity. The contribution of nonuniform anisotropy to cardiac electrical behavior has not been explored, nor has the contribution of the complexities of structure at junctions between large muscle bundles.
When referring to such structural complexity and the role it plays in influencing electrical propaga- VOL. 50, No. 2, FEBRUARY 1982 tion, we use the terms "microscopic" and "macroscopic" to indicate two scales of size on which this complexity occurs. These size scales can also be thought of in "terms of the "wavelength" of depolarization (spatial extent of the upstroke of the action potential; approximately 0.25-1.0 mm), the former referring to details smaller than this wavelength and the latter referring to features about the size of depolarization or a little larger. In a recent paper, we proposed that the spread of excitation in cardiac muscle occurs at a microscopic level by a previously unrecognized type of propagation-propagation which is discontinuous or saltatory in nature due to recurrent discontinuities of intracellular resistivity that affect the membrane currents (Spach et al., 1981) . Here, we wish to generalize this concept to the following, which we term the "R a hypothesis": The structural factors contributing to the effective axial resistivity* (cellular geometry, packing, and the resistance, distribution, and extent of the cellto-cell connections) produce discontinuities of effective axial resistivity, R a , at a microscopic and macroscopic level, and these discontinuities have an important influence on the propagation of depolarization in normal and abnormal cardiac muscle. Qualitative considerations of a model of propagation for cardiac muscle based on discontinuities of axial resistivity at a microscopic and macroscopic level have been presented elsewhere (Spach, in press) , and a paper is in preparation on a quantitative model. In this paper, we test the R a hypothesis at a macroscopic level as a mechanism that can create numerous well-established cardiac conduction disturbances. Extracellular recording electrodes are ideally suited for studying propagation on the macroscopic scale not only because of their size, but also because they record potentials closely related to the spatial variation of transmembrane potentials (Spach et al., 1979) .
Theoretical and Experimental Considerations
To decide whether macroscopic discontinuities of effective axial resistivity have an important functional role in cardiac impulse conduction, it is first necessary to compare the implications of the classical electrical representation of cardiac muscle as a continuous structure with those of a representation based on microscopic discontinuities of axial resistivity.
Continuously Uniform Structures (Classical Concept)
While it has been well-appreciated that cardiac muscle is composed of individual cells connected * We use the term "effective axial resistivity" to indicate the resistivity in the direction of propagation (i.e., the direction normal to the orientation of the wavefront), rather than the resistivity in the direction of the long axis of the fibers. The resistance to current flow in the direction of propagation depends on the intracellular and extracellular resistivities, the size and shape of the cells, cellular packing, and the resistance, extent, and distribution of the cell-to-cell couplings. We use the word effective axial resistivity, R., to include the effects of all of these (Spach et al., 1979 (Spach et al., , 1981 together by low resistance connections, it has been considered that the electrical effects of the structural complexity produced by the nonuniform distribution of these connections between cells and between bundles are of minor importance, presumably to have the tissue fit a simple model which could undergo useful theoretical analysis. For this reason, most analyses of cardiac conduction have been based on a simplified model of propagation that assumes that the structure has the electrical properties of continuously uniform geometry and intracellular resistivity in the direction of propagation. In such structures there is a positive correlation between the peak magnitude of the membrane sodium current (as expressed by V max ) and the conduction velocity (Hodgkin and Katz, 1949; Weidmann, 1955; Hunter et al., 1975) . Thus, V max and the velocity of propagation have long been closely associated in the analysis of action potentials that propagate in a continuous medium.
The profound influence of this association, based on the widely applied continuous cable theory, is illustrated by several well-known analyses of cardiac conduction: (1) Atrial fibers with higher V max values have been thought to have special membrane properties producing large sodium currents and thus fast conduction (Wagner et al., 1966; Hogan and Davis, 1968) . Many investigators believe that there is clustering of such "specialized" fibers into a fixed-position narrow tract in each of three prominent atrial muscle bundles (James, 1963) . Indeed, it is widely believed that these three tracts form a specific atrial conduction system between the sinus and AV nodes (James and Sherf, 1971a) , each tract producing preferential conduction in its muscle bundle.
(2) Changes of the membrane properties along the fiber have long been considered a requirement for decremental conduction (Hoffman and Cranefield, 1960) , and a spatial difference in the refractory period is the basis for the classical model of Moe et al. (1964) for reentry during atrial fibrillation and for the "leading circle" concept of Allessie et al. (1977) . (3) Slow conduction (<0.1 m/sec), routine in the AV node and in very depressed tissue (Paes de Carvalho et al., 1969; Cranefield et al., 1971) , has been attributed to slow response action potentials produced by slow inward membrane currents. Cranefield (1975) considers this mechanism necessary for reentry, noting that "It is all but certain that the slow conduction necessary for reentry can appear only in fibers that show slow response activity...."
Structural Discontinuities (R a Hypothesis)
The serious difficulty which the above ideas encounter when applied to the analysis of propagation of depolarization in cardiac muscle at a microscopic level can be seen from the following. The theory of propagation in continuous media predicts that the shape of the action potential should not change when the propagation velocity is altered by chang-Ill ing the effective axial resistivity, such as by changing the direction of propagation with respect to the fiber orientation (Clerc, 1976) . However, under conditions where the membrane properties could not have changed in normal cardiac muscle, we observed (Spach et al., 1981) that fast upstrokes were associated with low propagation velocities (in a direction transverse to the long cell axis) and slower upstrokes were associated with high propagation velocities (in the direction of the long cell axis). We were able to explain these results by considering the effects of an anisotropic distribution of the cell connections. Couplings are frequent within unit bundles but infrequent between them, causing propagation to be slowed in the transverse direction and reversing the usual association of high velocity and high safety factor.
In this work, we have studied propagation on a slightly larger scale, again using extracellular potentials, since they reflect changes in axial current that occur with changes in axial resistivity (Spach et al., 1979) . First, we studied the details of propagation in the muscle bundles to see whether anisotropic propagation was best accounted for by specialized tracts (James and Sherf, 1971a) or by the structural complexities of the bundle. Second, we studied the velocity of propagation and the shape of the extracellular waveform at sites at which muscle bundles branch or join with other bundles to test whether changes in such areas are better accounted for by branching with continuity of cytoplasm or by coupling of two structures with different effective axial resistivities. The results show that the simple combination of microscopic and macroscopic discontinuities of effective axial resistivity can produce a wide variety of complex abnormalities of propagation, including most types of currently known conduction disturbances.
Methods

Experiment
We studied in vitro preparations from the atria of 31 adult dogs (weight 11-25 kg), nine newborn puppies (1-7 days), and three term fetuses (1 week prior to expected birth). Each dog was anesthetized with pentobarbital sodium (30 mg/kg, iv). The hearts were excised rapidly and the preparations pinned to the floor of a circular tissue bath, 15 cm in diameter, and maintained at a constant temperature of 35°C. Preparations included pectinate muscles of both atria, Bachmann's bundle and surrounding tissue, the crista terminalis, and the limbus of the fossa ovalis. The millimolar composition of the perfusate was as follows: NaCl, 128; KC1,4.69; MgSO 4 , 1.18; NaH 2 PO 4 , 0.41; NaHC0 3 , 20.1; CaCl 2 , 2.23; and dextrose, 11.1. The solutions were aerated in a reservoir with a gas mixture of 95% 02-5% CO2 and perfused through the bath at a high flow rate (100 ml/min).
The recording techniques have been described in detail previously (Spach et al., 1981) . The extracellular electrodes were made of flexible tungsten wire, 50 /un in diameter, and insulated except at the tip. Each extracellular electrode was connected to an AC-coupled differential amplifier, having a frequency response flat between 0.1 and 30,000 Hz. The intracellular potentials were recorded by conventional glass microelectrodes. The separate reference electrodes for each extracellular and intracellular electrode were located 7 cm away from the recording site. A pacemaker stimulus 0.5-1.0 msec in duration and of amplitude 1.5-2.0 times threshold was applied to the surface of the preparation by a unipolar electrode (50 fim in diameter) at the rate of 1/sec. A PDP-11/20 computer system (Barr et al., 1976) controlled the rate and synchronized the pacing stimuli with the data recording. The outputs of the recording amplifiers were sampled at a rate between 6,600 and 20,000 per second (12-bit samples). The computer stored the data and displayed the waveforms concurrently on a Tektronix 4002 display unit. The output of each amplifier was also monitored on a Tektronix 565 oscilliscope to ensure that the digitizing rates were sufficient for accurate digital reproduction of the waveforms. The transmembrane potential was calculated by subtracting the extracellular potential from the intracellular potential as described previously (Spach et al., 1981) . All measurements were made after two hours of superfusion. The mechanical motion of the preparation remained vigorous up to 18 hours. A dissecting microscope equipped with a Nikon F250 35-mm camera was used to document each recording position.
We studied changes in propagation velocity at the locations of anatomical discontinuities that could be identified easily by eye. These included separate fascicles within muscle bundles, sites of branching in pectinate muscles, sites where pectinate muscles arise from the crista terminalis, and the junction sites where two separate muscle bundles connect. To ensure that there were no "end-effects" on the waveforms at branch sites, the cut ends of all muscle branches were many resting space constants away from those sites. We found it impossible to detect and to analyze adequately the velocity changes at these sites with intracellular microelectrodes. First, we could not identify discontinuities of propagation of normal action potentials from intracellular measurements because it is not practical to make enough intracellular measurements to map the excitation adequately. Second, we could not obtain artifact-free intracellular action potentials unless we restricted motion by means of undue stretch, pressure, or reduction in the size of the preparation until it was so small that many of the anatomical discontinuities were no longer present. Therefore, we performed most of the analysis by using the extracellular potential waveforms, since they provided a way to both detect and study the VOL. 50, No. 2, FEBRUARY 1982 mechanism of the abrupt changes in propagation velocity that occurred at many sites throughout the atrium.
Once an area of local velocity change was identified in relation to a branch or junction site using an exploring electrode, 10-18 extracellular recording electrodes were positioned along and across the muscle bundles that formed the junction area. Two to four stimulus electrodes were then arranged to produce propagation into the area from different directions. Propagation of normal action potentials was measured while the stimulus rate remained constant at 1/sec and the stimulus site was varied randomly. To study the effects of the junctional area in the situation where the velocity is altered through modulation of membrane properties (presumably by reducing the membrane sodium conductance gNa), we did the following: (1) The extracellular potassium concentration was elevated by using a high-potassium solution that was identical to the regular perfusing solution except that the KC1 concentration was 15 mM. The KC1 solution was introduced slowly so that the potassium concentration increased gradually over 30 minutes. The concentration of the perfusate was measured by flame photometry from samples withdrawn through a previously positioned cannula as the solution flowed across the preparation. When the preparation became nonresponsive, the potassium infusion was replaced by the regular perfusate. Once activity recurred, the waveforms were monitored until they returned to the control state. (2) Under conditions of normal extracellular potassium concentration (4.69 mM), a premature stimulus was injected after every 15th regular stimulus, occurring at a constant interval of 800-1000 msec. The location of the stimulus was shifted randomly from one stimulus electrode to another for each interval of delay between the prior normal stimulus and the premature stimulus. The refractory period of each muscle bundle that formed the anatomical discontinuity was measured in the usual way; we recorded the time at which 1 msec of additional delay just produced propagation to a distant recording site located 2 to 3 cm from the stimulus electrode.
To get a value for the propagation velocity of normal action potentials at multiple locations within regions of the anatomical discontinuity, a detailed activation sequence was recorded for each stimulus site (different directions of propagation). Isochrone maps were constructed from the extracellular recordings at 30-100 sites, taking the time of the peak negative derivative (intrinsic deflection) as the instant of excitation. Conduction velocity was then calculated as the distance traveled normal to the isochrone per unit time.
Preparations from these and other experiments were fixed by immersion in neutral buffered formalin, dehydrated in an ascending series of alcohols, cleared in xylene and embedded in paraffin. Individual or serial sections were cut at 5-10 jum. Sec-tions were stained with Masson's trichrome or Heidenhain's modification of Mallory's aniline blue technique, and photomicrographs were taken, using a red filter to emphasize the distribution of connective tissue.
Theory
Propagation of electrical activity at a macroscopic level in cardiac muscle was represented by a one-dimensional (cable) model-a model which would be representative either of propagation in a long, thin cell or bundle or of plane-wave propagation in a two-or three-dimensional structure (where the voltage gradient of transmembrane potentials is non-zero in only one direction). The standard cable equation (see, for example, Jack et al., 1975) describes the relationship between the transmembrane potential V m (x, t) and the net transmembrane current per unit length i m : lm = R a ax 2 = C n at
In Equation 1, we have assumed a membrane model consisting of a capacitance c m (per unit length) in parallel with a net ionic current i ion (per unit length) through passive permeabilities. We approximated the ionic current during the depolarization phase of the cardiac action potential by a fast, transient sodium current (Ebihara and Johnson, 1980) in parallel with a constant leakage conductance:
where the dimensionless activation and inactivation variables m and h were assumed to follow the kinetics described quantitatively by Ebihara and Johnson (1980) and g^is a constant; the currents in this equation represent a unit area of membrane. A 0.02-msec pulse of stimulus current was applied to the left end of the simulated cable (x = 0; see Fig.  7 ) to initiate a propagating depolarization, and the distal end was assumed to be terminated in an open circuit. Different uniform values of R a were assumed for each half of the cable, producing an abrupt increase in axial resistance in the center. The extracellular potential produced in an infinite homogeneous medium by the propagating depolarization was calculated at each instant of time by integrating the contributions along the length of the cable (Spach et al., 1973) . A small radius (appropriate to a cell diameter) was used in obtaining the solution for V m , while a larger diameter (appropriate to a small bundle) was used in calculating the extracellular potentials.
The cable equation (1) was solved by the Crank-Nicolson implicit method (1947); the entire length of 7.2 mm was divided into two independent cables of 3.6 mm, each having uniform and constant values of R a and, at the central junction, the axial currents of the two cables were equated. The ordinary differential equations for m and h along the composite cable were solved by the predictor-corrector or modified Euler method (e.g., Gerald, 1970) . Axial currents were calculated from V m (x, t) by a central difference approximation to the first spatial derivative:
Propagation velocities were also calculated from V m (x, t) by dividing the segment length Ax by the delay time between the instants when two adjacent segments reached -10 mV (the approximate point of maximum dV/dt). Numerical values for the model parameters are given in Table 1 .
Results
The Muscle Bundles
Preferential Rapid Conduction: Anisotropy or a Specialized Tract?
As a prerequisite to the study of propagation at branches and junctions of atrial muscle bundles, we analyzed propagation within numerous prominent bundles to determine whether or not we should consider the presence of specialized tracts as a governing factor in the conduction of the impulse. Figure 1 shows a typical result, obtained in the interatrial band (Bachmann's bundle)-a large muscle in which the parallel fiber orientation is easily visible and which is widely considered to contain a specialized tract (Wagner et al., 1966) . Isochrones were derived by interpolating between the excitation times at 48 extracellular recording sites within the region shown.
The first three excitation sequences and the associated extracellular waveforms were very similar, although they were initiated at different sites along the transverse axis of the bundle. Further, when excitation was initiated over a broad region along the transverse axis by stimulating all three points simultaneously (panel IV), the pattern of propagation and the extracellular waveforms represent a composite of the first three sequences. In all cases, there was rapid conduction in the longitudinal direction (along the long axis of the fibers) and slow propagation in the transverse direction (perpendicular to the long axis of the fibers). The maximum velocities that resulted from stimulating at numerous sites in five different interatrial bands fell in the range of 1.0-1.3 m/sec (longitudinal direction) and the minimum velocities were between 0.04 and 0.12 m/sec (transverse direction). These very low ap- VOL. 50, No. 2, FEBRUARY 1982 parent velocities were associated with ordinary intracellular action potentials (resting potential of -75 to -85 mV, fast upstrokes, and an amplitude of 90-100 mV), in contrast to "slow response" action potentials (low resting potential, small amplitude, and a slow rate of rise) that occur with equally slow propagation in the AV node and in very depressed fibers (Paes de Carvalho et al., 1969; Cranefield et al., 1972) . The results in Figure 1 were typical of all the large atrial bundles that we studied and cannot be accounted for by differences in membrane properties or by a specialized tract, since the pattern of propagation is determined by the site of the stimulus and the fiber orientation. Such propagation patterns can be generated only by muscle which is anisotropic but has the same properties along any one axis, thus providing definitive evidence that differences in conduction velocity within the muscle bundles are not due to a specialized tract.
Development with Age of Irregularities in Transverse Propagation
In most adult atrial muscle bundles, there were marked irregularities in the extracellular waveforms ( Fig. 1) . Such irregularities were related to structural separation of bundles and anisotropy. These irregular waveforms have not been recognized in newborn atria (Spach et al., 1971) , so that one good way of studying anisotropy might be to study its variation with age and covariation with structure.
First, we examined the upper crista terminalis (crista) and the limbus of the fossa ovalis (limbus) from three near-term puppy fetuses. In each preparation, the waveforms indicated uniform longitudinal and transverse propagation (uniform anisotropy). Examination of histological sections from several fetal atria revealed collagenous tissue only in the subendocardium and subepicardium, without penetration into the cardiomyocyte mass.
Next, we examined nine newborn atria; typical results are shown in Figure 2 . When excitation was initiated to produce a broad wavefront that propagated in the longitudinal direction (not shown), the waveforms in all of the muscle bundles appeared the same-rapid propagation occurred along the bundle without irregularities in the large smooth biphasic waveforms. Transverse propagation in the crista ( Fig. 2A) still produced low-amplitude smooth triphasic waveforms in which negative potentials preceded the biphasic positive-negative deflection, as expected with transverse propagation in uniformly anisotropic muscle (Spach et al., 1979) . However, within 1 week after birth, irregular waveforms appeared in the limbus during transverse propagation (Fig. 2B ). As shown in Figure 2 , a difference was seen between the microscopic structure of the crista and the limbus 1 week after birth. . •;" " "'"s>'L. FIGURE 2 Transverse propagation in uniform and nonuniform anisotropic muscle bundles. The extracellular waveforms recorded during transverse propagation are shown on the left and the associated histological picture of the muscle bundles is shown on the right. Panel A = crista terminalis; panel B = limbus of the fossa ovalis. The two muscle bundle preparations were from the same atrium of a 5-day-old puppy and were processed, sectioned, stained, photographed, and printed under identical conditions. In the crista, collagenous tissue was interspersed among the developing myocytes in a loose and irregular way, whereas it was disposed in septa in the limbus. These septa extended down from the subendocardium, and separated the myocytes into fascicles. The development of such septa correlated well with the presence of irregular extracellular waveforms during transverse propagation.
By adulthood, many atrial muscle bundles (including the crista and larger pectinates) histologically demonstrated connective tissue septa similar to those seen in newborn limbus, dividing the muscle mass into fascicles. In addition, coarser macroscopically visible septa were seen in some parts of the crista and in most of the limbus. These grosser septa divided the bundles into large fascicles which were then subdivided by finer septa into smaller and apparently more frequently connected fascicles. The effect of these coarser septa were studied in the adult limbus as shown in Figure 3 . The spread of excitation in four adjacent fascicles was mapped at the endocardial surface while the manner in which propagation was initiated in the bundle was altered between simultaneous stimulation of all fascicles (panel I) and localized stimulation of a single fascicle (panel II). The separate fascicles at the endocardial surface were approximately 200 ^m ©J wide, thus allowing several measurements to be made across a single fascicle in selected regions. The isochrones (solid lines in column a) were derived by interpolating between the local excitation times at 72 extracellular recording sites within the region shown. The open circles on the fascicles indicate the recording sites of the waveforms shown in column b.
When all fascicles were stimulated simultaneously (Fig. 3, panel I) , there was rapid conduction along the long axis of each fascicle. Large biphasic smooth extracellular waveforms occurred at all four recording sites, and no propagation discontinuities were observed in the apparent broad wavefront propagating at 1 m/sec along the course of the bundle. However, when excitation of the bundle was initiated at a localized site within a single fascicle (panel II), the pattern of spread at the endocardial surface was complex. Fast propagation (1 m/sec) occurred along the long axis of fascicle 1, where excitation began. This rapidly propagating narrow wavefront was associated with the same large biphasic extracellular waveform as before, except now there were two small deflections superimposed on the terminal component of the waveform (panel II b). The isochrones and waveforms in the other fascicles indicate that the rapidly propa- VOL. 50, No. 2, FEBRUARY 1982 gating wavefront in fascicle 1 resulted in a complex pattern of transverse propagation in the rest of the bundle. For example, note, in column a, that on the endocardial surface excitation spread from fascicle 1 to fascicle 2 (between 5 and 6 msec), which resulted in a reversed direction of propagation in fascicle 2 so that the wavefront returned toward the stimulus site; i.e., a "negative" velocity. Another cross-over occurred later between fascicles 2 and 3, again resulting in propagation that returned toward the stimulus site to produce a collision, which is indicated by the totally upright waveform in fascicle 3 (panel II, b).
The multiple deflections in each waveform can be seen to be caused by (1) the rapid intrinsic deflection produced by local excitation within each fascicle and (2) the less rapid and lower amplitude deflections produced by the arrival of local excitation in the adjacent fascicles, as indicated by the fall-off in the amplitude of each deflection as a function of distance from the fascicle being excited (Spach et al., 1973) . Notice that, although there was dissociation of local excitation in the adjacent fascicles by a few milliseconds, the overall progress of excitation in the transverse direction is evident from the somewhat uniform time increment in the intrinsic deflections of the waveforms in each fascicle (panel II b) .
Our interpretation of the combined effects of the fiber orientation and the connective-tissue septa on propagation is illustrated in the schematic drawing of the limbus (Fig. 3, column c) , which is presented
A.
as an oversimplification of the tissue as seen histologically in multiple cross-sections of the limbus. Note that continuity between fascicles was maintained along the course of the bundle by the complex three-dimensional arrangement of the fascicleto-fascicle connections. The magnitude of the axial current and the velocity were high in the direction of low axial resistivity (longitudinal propagation). However, the axial current and velocity were low in the transverse direction, due to the higher effective axial resistivity along both the vertical and transverse axes of the fibers. In panel II, the interrupted connective-tissue partitions resulted in an irregular path of propagation that occurred along the transverse and vertical axes of the fibers-both directions oriented normal to the low-resistance longitudinal axis of the fibers. That propagation occurred at a rapid velocity with large axial currents in fascicle 1 and at a low velocity with small axial currents in the remaining fascicles is indicated by the large amplitude of the extracellular waveform on fascicle 1 and the low amplitude of the waveforms of the other fascicles (Spach et al., 1979) . Figure 4 shows two activation sequences that are typical of those we observed at branch sites, which we studied in the pectinate muscles. The schematic drawing of the geometric configuration of the pectinate muscle branches shows that the cells beneath the endocardium were oriented along the longitudinal axis of the muscle bundles (confirmed histo- logically). The two activation sequences were initiated by extracellular electrodes positioned to reverse the direction from which propagation entered the two branch sites for each sequence. Each sequence is represented by isochrones (solid lines) at 1-msec intervals. In both cases, there was slowing of the wavefront as it changed direction when the distal branch formed an acute angle with the parent branch (arrows). However, there was little or no change in velocity when the wavefront entered branches that maintained the same axis as the parent branch, or deviated from it at an obtuse angle. Notice that this variation in velocity was related to the angle between the direction of propagation and the fiber orientation at the branch site. When the wavefront entered a distal branch that formed an acute angle with the parent branch, the direction of propagation was altered from the longitudinal to the transverse axis of the fibers. This was associated with a decrease in the velocity of propagation and a decrease in the extracellular potential waveform. Contrariwise, when there was no change in the fiber orientation as the wavefront entered a distal branch, there was no change in conduction velocity or in the amplitude of the extracellular waveforms.
Branch Sites
We found no correlation between changes in conduction velocity at branch sites and the overall diameter of the branches or of the cell diameter within the bundles. Several features of the results in Figure 4 demonstrate that the discontinuity of propagation (abrupt slowing) cannot be accounted for by a model of changing core conductor geometry (branching or diameter change). The changes in axial current flow at branch sites are independent of direction in that model (Goldstein and Rail, 1974) : the same changes in velocity and in extracellular potential should have occurred in the distal branch regardless of the direction of propagation. However, the conduction velocity and the extracellular potential decreased only when there was a local change in the direction of propagation with respect to the fiber orientation at the branch site ( Fig. 4, recording sites 3 and 4) . The change in the amplitude of the extracellular potential is consistent with the relationship between axial current and R a when the velocity of normal action potentials is changed by varying the direction of propagation in anisotropic cardiac muscle; i.e., the axial current and velocity decrease as the effective axial resistivity is increased (Spach et al., 1979) . Thus, we conclude that the cause of the abrupt slowing of propagation at branch sites is an abrupt increase in the effective axial resistivity in the direction^ of propagation (a macroscopic discontinuity of R a ), rather than the apparent geometric discontinuity represented by a model in which a single core conductor divides, splitting the intracellular current. That is, in one direction, propagation into the branch proceeds along the long axis of the cells whereas, in the other direction, propagation must change direction (with respect to the long cell axis) at least temporarily.
An even more critical test of the mechanism of velocity change at muscle junctions can be found where a small branch leaves a larger bundle at an acute angle. Figure 5 shows a typical result from four adult atrial preparations in which the maximum membrane current was decreased by slowly elevating the outside potassium concentration. The schematic drawing shows a branch formed by a small pectinate muscle arising from the considerably larger crista terminalis (the fiber orientation is represented by the parallel lines within the muscle bundles). The four extracellular waveforms were recorded while the direction of propagation in the crista was changed by alternating the stimulus site between two extracellular electrodes located at points above and below the branch site. In panel A (K o = 4.6 mEq/liter), note that normal action potentials propagated into the smaller branch without block when the excitation approached from either direction (thick lines with arrows). When the extracellular potassium concentration was elevated to 9 mEq/liter, however, there was unidirectional block at the branch site. Propagation into the distal branch was still successful from above, a direction that represented no change in fiber orientation at the branch site. However, when propagation occurred into the branch site from below, necessitating an abrupt change in the direction of propagation and in the distribution of the cellular connections encountered, block occurred at the branch. The two sequences shown in panel B were repeated numerous times by alternating the stimulus site during an interval of 3 minutes; thereafter the total preparation became inexcitable (K o =11 mEq/liter).
Can we be sure that the unidirectional block was not due to inexcitability of the membrane of some of the fibers, i.e., differences in membrane properties along the course of the fibers within the branch site? The reversibility of the change shows that this mechanism cannot account for the unidirectional block, since propagation was successful in the same fibers in which conduction failed, dependent upon the angle from which the excitation wavefront entered the fibers.
The Junction of Two Muscles
A typical result that illustrates the effect of the junction of two muscles on the propagation of normal and premature action potentials is shown in Figure 6 . The major visible feature of these junctions is that the fibers of the two bundles cross one another at a 90° angle. The schematic drawing outlines a junction that was formed by the upper crista and a bundle that extended across the crista from the limbus. Propagation was initiated on the upper crista by an extracellular electrode. Recording electrodes 1-3 were positioned on the crista proximal to the junction, and electrode J was lo- VOL. 50, No. 2, FEBRUARY 1982 FIGURE 5 Unidirectional block at branch sites. The drawings represent a small branch formed by the origin of a pectinate muscle from the larger crista terminalis. The general direction of the fiber orientation (confirmed histologically) is indicated by the broken lines. The pattern of propagation is illustrated by the solid lines with arrows. The waveforms of Panel A were recorded when the extracellular potassium concentration was 4.6 mEq/liter, and the waveforms in panel B were recorded at an extracellular potassium concentration of 9.0 mEq/liter. cated just distal to the junction site on the limbus (within 200 jum of the junction). Additional electrodes were used to get a velocity of propagation in each muscle bundle proximal and distal to the junction site.
Normal action potentials propagated toward the junction at a high velocity (0.8 m/sec) with large biphasic smooth extracellular waveforms (Fig. 6A , electrode 1), as expected for propagation along the long axis of the fibers. However, the large biphasic waveforms became predominantly positive as propagation approached the junction (electrodes 2 and 3). Mapping with additional electrodes showed that propagation in the limbus originated from coupling at the junction (as opposed to a longer pathway via the pectinate muscles). Just distal to the junction (electrode J), there was a positive deflection from the underlying crista, followed by a small positive potential (arrow in Fig. 6A ) before the primarily negative deflection from local excitation in the limbus. In the distal bundle, the smaller amplitude was consistent with a low velocity (0.26 m/sec) of propagation, which now occurred in a direction transverse to the fiber orientation. Notice in panel A that there was local delay in propagation across the junction site. For example, the time required for propagation to occur over the short distance be-tween electrode 3 and electrode J was greater than the time required for propagation to occur over the considerably longer distance between electrodes 1 and 3.
The noticeable delay in propagation of normal action potentials across the junction site and the changes in the extracellular waveforms were clearly related to an abrupt change in the fascicle orientation (and thus the distribution of cell-to-cell and unit bundle-to-unit bundle connections) in the direction of propagation. With a computer simulation we tested the hypothesis that the abrupt decrease in the velocity and the change in shape of the extracellular waveforms could be accounted for by a decrease in axial current at the junction site, resulting from an abrupt increase in the effective axial resistivity in the direction of propagation.
Extracellular potentials were computed from the depolarization phase of an action potential propagating down a one-dimensional electrical cable, uniform in properties except for an abrupt increase in internal resistivity from 390 to 3700 fl-cm in the center of the simulated cable. The computed waveforms are shown in Figure 7 . Note that the velocities in the two regiojis are inversely proportional to the square root of R a . At position 1, the large biphasic extracellular waveform, <^., of the higher velocity action potential far from the junction reflected both positive and negative components of the net transmembrane current, i m , and a large axial current, I a . However, at the proximal side of the transition zone from low to high axial resistivity (position 2), the net transmembrane current was predominantly positive, thus accounting for the primarily positive extracellular potential waveform; on the distal side of the transition region, the membrane current returned rapidly to the same biphasic shape. Note the associated changes in the shape of the extracellular potential waveform where the axial current L decreased: the extracellular potential changed from a large-amplitude biphasic waveform (higher-velocity region) to a predominantly positive waveform (transition region) to a low-amplitude biphasic waveform (lower-velocity region). As can be seen, there was an excellent fit of the theoretical curves with the measured extracellular potential waveforms of Figure 6A , including the small positive potential that preceded the low amplitude deflection of local excitation at positions 4 and 5 (Fig. 7) . This small positive potential resulted from volume conduction of the large potentials produced by the prominent positive net transmembrane current at the proximal junction site.
Although the site at which the musclebundles joined represented an abrupt increase in R a in the direction of propagation (Fig. 6) , continuity of current was maintained and the junction presented only a minor delay in the propagation of normal action potentials. However, in the region of the junction, there should be a decrease in the safety factor for propagation, which could result in localized failure of propagation of depressed action potentials. To test this possibility, we initiated premature action potentials after every 15th regular stimulus that occurred at a constant rate of 1/sec. The results, illustrated in Figure 6B , show the extracellular waveforms at three of the recording sites. As the premature interval shortened from 250 to 222 msec, there was minimal delay in the spread of the impulse along the crista (electrodes 1 and 2). However, at the same time there was a progressive delay of conduction across the junction site (electrode J) until a further reduction in the premature VOL. 50, No. 2, FEBRUARY 1982 flO.45m/sec ,R a 390 fl-cm 1 mm 8 O.I4m/sec ,R 0 3700fl-cm d) msec FIGURE 7 Computed extracellular waveforms at the junction of two uniform cables of different R a values. The cylinder at the top shows a one-dimensional macroscopic approximation of the propagation of normal action potentials across the junction of the crista and limbus in Figure 6A . The relative values of the effective axial resistivity and the values of the propagation velocities at positions 1 and 5 are shown at the top. The junction between regions of low and high effective axial resistivity, R a , is located between sites 2 and 3. The computed time course of the extracellular potential 4> a the net transmembrane current i m , and the axial current I a at the designated positions are shown at the bottom. The vertical scales are in arbitrary units.
interval from 222 to 216 msec led to block at the junction site, while there was still only mild delay of impulse spread along the crista. Conduction block of premature action potentials usually has been attributed to nonuniform recovery of excitability; i.e., the action potential propagates into an area having a longer refractory period (Moe et al., 1964; Allessie et al., 1976) . To ensure that this mechanism was not responsible for the result of Figure 6B , we measured the refractory periods on either side of the junction by identifying the interval at which a 1-msec additional delay of a 2x threshold stimulus just produced propagation from electrode 3 or electrode J to a distant recording site located 2-3 cm away on the same bundle. At electrode 3 (crista), the refractory period was 200 msec and at electrode J (limbus) the refractory period was 202 msec, a small difference that cannot account for the progressive delay leading to propagation failure at the junction site.
Multiple Conduction Disturbances
The above findings suggest that a similar mechanism may account for the conditions that exist during arrhythmias. Therefore, we proceeded to examine how multiple R a discontinuities affect the propagation of premature action potentials in large atrial preparations that contain numerous interconnected muscle bundles. Figure 8 shows a typical result (one of seven experiments) which demonstrates several types of conduction disturbances that occurred in association with progressively earlier premature action potentials. The schematic drawing (panel A) of the preparation illustrates the specific geometric arrangement of the muscle bundles surrounding the junction of the crista terminalis with an extension of the limbus. The stimulus electrode and measuring electrodes 1 and 2 were positioned on the crista (C) and recording electrodes 3-5 were on the limbus (L). Electrode 3 was positioned close to the junction so that it recorded the waveforms of local activation of both the limbus and the adjacent crista. An additional seven measuring electrodes were positioned on the adjacent septum and on the pectinate muscles. The graph (panel B) is a plot of the time of arrival of local excitation at each electrode for each premature stimulus interval. Three of the waveforms are shown in panel C, along with the associated pattern of propagation for each premature interval (panel D). At the junction site, the refractory periods varied between 205 and 210 msec in the crista at electrode 2 and between 200 and 205 msec in the limbus at electrode 3. On the upper crista, the refractory period was 215 msec at the stimulus site.
As the premature interval was decreased from 1000 to 310 msec, there was a minimal increase in the arrival time of excitation at each electrode site (Fig. 8B) . Thereafter, as the premature interval was decreased from 310 to 275 msec, a gradual increase in the arrival time occurred at each site, with a progressively larger increase at the sites on the limbus distal to the junction. Note that there was no change in the sequence of activation of the preparation in association with the gradually increasing time of arrival of excitation at each site (panels C and D, 310 and 275). However, when the A. premature interval was decreased from 275 to 270 msec, there was a prominent step increase in the time of arrival of excitation in the limbus (panel B, electrodes 3L, 4, 5) whereas, in the crista, there was only a slight but continued increment in the time of arrival of local excitation (electrodes 1, 2, and 3C).
As can be seen in the waveforms of panel C (270), although propagation entered the junction site from the crista, there was conduction failure across the junction to the limbus. The abrupt and prominent increase in the time of arrival of excitation in the limbus was accounted for by a shift to a longer route taken by the action potentials to propagate from the stimulus site to the limbus (panel D, 270-230) . Propagation now occurred from the upper crista to pectinate muscles, through the pectinate muscles, and then into the limbus. Note that the waveform of electrode 3 is consistent with a local change in the direction of propagation in the limbus. Before block occurred at the junction, the extracellular waveform in the limbus at electrode 3 (L deflection) had a small amplitude, consistent with propagation along the transverse axis of the fibers in the limbus (310 and 275 msec). However, after block occurred at the junction (panel C, 270 and 230), the amplitude of the extracellular waveform increased; local propagation at electrode 3 then occurred along the long axis of the fibers in the limbus due to arrival of the wavefront from the pectinate muscle region. As the premature interval was decreased further from 270 to 230 msec, the local excitation times gradually increased again at all electrode sites. Finally, when the premature interval was reduced from 230 to 220 msec, there was an abrupt change in the excitation times in the crista (panel B). As can be seen in the waveforms (panel C, 220), decremental conduction occurred in the longitudinal direction of the fibers of the crista with extinction of the impulse so that propagation did not reach the area of the crista at the junction site (absence of C deflection at electrode 3). However, uniform prop-agation did proceed away from the stimulus electrode in the crista in the transverse direction, similar to the pattern of propagation seen previously and attributed to anisotropic cellular coupling (Spach et al., 1981) . The successful propagation in the transverse direction from the stimulus site led to impulse spread in the pectinate muscles, where the durations of the action potentials are generally shorter than in the crista (Hogan and Davis, 1968) . When the wavefront propagated from the pectinate muscle region to the limbus, the action potentials then propagated in a retrograde direction across the junction site to the distal crista (which had not been depolarized previously due to decremental propagation to extinction in the proximal crista) producing reentry in the crista terminalis, while the pattern of propagation in the limbus remained unchanged (panels C and D, 220) .
Discussion
The point established by the results is that the conduction velocity and the safety factor for propagation in the atrium are highly dependent on the specific structural arrangement of the cellular connections at a microscopic and macroscopic level. Block due to decremental conduction in the longitudinal direction of the cells (but not in the transverse direction) within the muscle bundles, unidirectional block at branch sites, and block at the junction of two separate muscle bundles-all due to changes in the distribution of cellular connections relative to the direction of propagation-indicate that the structural factors that contribute to the effective axial resistivity (cellular geometry, packing, and the resistance, distribution, and extent of the cell-to-cell connections) have important and specific electrical effects on propagation at a microscopic and macroscopic scale in cardiac muscle.
Structural Complexities
It is clear that atrial and ventricular muscle shows considerable complexity in the geometry of cell-to-cell and bundle-to-bundle appositions. At the electron microscopic level, cardiomyocytes are coupled by nexuses; however, subdivisions of the myocardial mass into bundles produce inhomogeneous groupings of such cellular connections. First, studies of serial 1-jum sections by light microscopy have shown that cardiac muscle cells are frequently connected within bundles of the order of 2-15 cells. These "unit bundles" are rather infrequently connected among themselves, at intervals of about every 0.1-0.2 mm or so down the strand (Sommer and Dolber, in press) . Next, such unit bundles are grouped together into fascicles, adjacent fascicles being separated from one another by connectivetissue septa. These fascicles remain apart from one another over distances that seem to bear a relationship to their diameter (Dolber, 1980) . That the division of the cardiac muscle mass into fascicles by connective-tissue septa (fasciculation) is a function of age early in development is in accord with some measurements of collagen concentration (e.g., Herrmann and Barry, 1955; Clausen, 1962; Borg and Caulfield, 1981) ; the degree of fasciculation may vary also with the site (e.g., James and Sherf, 1971b; Fenoglio and Wagner, 1974) , ageing (e.g., Davies and Pomerance, 1972) , and pathological state (Anderson et al., 1979) . Finally, fascicles are grouped together into macroscopic bundles (e.g., pectinate muscle branches, crista terminalis) whose connections to one another may be very complex and which must be further studied by serial section reconstruction. Wagner et al. (1966) chose to interpret that the rapid conduction they measured along the course of Bachmann's bundle was caused by a specialized narrow tract located on the crest of the bundle. They also considered the presence of two depolarization deflections in the waveforms recorded with a bipolar electrode to indicate the presence of two anatomically separate populations of fibers (specialized fibers in the tract and ordinary fibers elsewhere). Joyner et al. (1975) studied the effect of a narrow specialized tract on the pattern of propagation with a computer simulation. Approximating a continuous two-dimensional structure, they initiated excitation within a narrow noninsulated tract that was "specialized" by having lower intracellular resistivity than the adjacent isotropic muscle. The simulated action potentials produced a broad wavefront, similar to those of published excitation sequences (see Holsinger et al., 1968; Goodman et al., 1971; Spach et al., 1971; Janse and Anderson, 1974) . Based on their results, limited to a stimulus site within the narrow tract, they emphasized that a broad wavefront did not indicate the absence of a sharply defined occult "preferential" tract.
Effects of Structural Complexities
The macroscopic discontinuities of propagation that we observed are inconsistent with the electrical representation of cardiac structures as tissue with continuous properties of axial resistivity. The discontinuities of propagation occurred at locations where there were associated anatomical (geometrical) discontinuities; e.g., at branch sites and at the junctions of separate muscle bundles. Although these anatomical discontinuities represented clearly visible changes in the gross geometry of the muscular structures involved, the associated discontinuities of propagation could not be accounted for by representing these sites electrically as changes in core conductor geometry with continuous properties of axial resistivity. However, the changes in velocity, as well as the associated changes in the extracellular potentials, were accounted for at these sites by discontinuities of effective axial resistivity due to abrupt changes in the distribution of the cellular connections in the direction of propagation.
None of the results were consistent with the widely accepted idea that there is a specific atrial conduction system comprised of three uninterrupted specialized tracts (James and Sherf, 1971a) . That concept proposes that in each internodal pathwayf there is a narrow tract composed of cells with special membrane properties that produce preferential conduction-implying that the conditions are optimal, that propagation is safer there for continuous conduction from the sinus to the AV node. Such a model with modified membrane properties would produce preferential fast and safe propagation in a continuous structure. However, the introduction of discontinuities of axial resistivity greatly alters this relationship. For example, we observed localized delays during normal propagation and conduction block of premature action potentials at sites where the separate muscle bundles join with one another in the connecting pathways (James, 1963) . Further, as we noted previously (Spach et al., 1981) , the presence of recurrent discontinuities of axial resistivity at a microscopic level reverses the usual association of high velocity and high safety factor that is present in a continuous structure, which can be seen in the sequence of propagation of premature action potentials in the crista (Fig. 8 , 220 msec). Stable propagation occurred in the transverse direction of the fibers, whereas there was decremental conduction to extinction in the longitudinal direction (the opposite of what would be predicted on the basis of a longitudinal tract with specialized membrane properties).
On the basis of the results described above for both the macroscopic and microscopic size scales, we fail to see how altered membrane properties can continue to be regarded as the primary cause of preferential conduction in the atria-whether associated with safety or propagation velocity. These results rule out the contribution of any localized alteration that might be considered to define a single "tract" within a muscle bundle. In fact, the results show that any model which fails to account for the inhomogeneous grouping of cell-to-cell connections cannot adequately describe propagation in cardiac muscle.
We were unable to find any published combined electrophysiological-morphological study of the effects of connective tissue on impulse propagation in normal adult atria, although it has long been appreciated that the adult atrial and ventricular muscle mass may be divided by connective tissue septa into separate fascicles (e.g., Barry and Patten, 1960) . This is in part, perhaps, because few investigators seem to have realized before that such septa may separate fascicles over much of their length. Masuda and Paes de Carvalho (1975) did invoke connective tissue septa to explain their electrical data in the transitional region between the SA node and the crista. Others have speculated on the role such septa might play; for example, Robb (1957) and James and Sherf (1971b) , noting connective tissue septa in the His bundle, suggested that separate fascicles might result in independent conduction in each separate tract. However, Lazzara (1975) could find no electrophysiological evidence for separation of conduction into separate tracts for the length of the His bundle. No doubt this is because interconnection between neighboring fascicles is guaranteed by discontinuities of the connective tissue septa and by connection through other fascicles. Our results in atrial muscle are similar to those obtained by Lazzara in showing continuity, but differ in showing the effects of restricted continuities. Continuity between fascicles along the course of the adult atrial bundles was maintained by the complex three-dimensional arrangement of frequent fascicle-to-fascicle connections, i.e., nonuniform anisotropy. However, during transverse propagation, the frequent interrupted septa, which were oriented longitudinally in the muscle bundles, resulted in a complex pattern of the spread of excitation with slight dissociation of excitation in adjacent fascicles, thereby slowing the overall velocity in the transverse direction due to the macroscopic zigzag course of propagation (Fig. 3) .
During depressed states, the disappearance of local excitation may not be caused by inexcitability of the membrane at the measuring site (Vassalle and Hoffman, 1965) , but instead the impulse may fail because of localized block elsewhere. It is generally agreed that there is a change in the safety factor for propagation in the region of an abrupt change in axial resistance per unit length in an otherwise continuous cable (Lieberman, et al., 1973; Goldstein and Rail, 1974; Sharp and Joyner, 1980) . This mechanism cannot account for the directionality of the block shown in Figure 5 . In fact, no representation which pictures the structure as a branching one-dimensional continuous cable can account for these results; such directionality could only be accounted for by including the two-or three-dimensional structural complexity in the region of the branch. It should be noted that the propagation failure related to change in direction (with respect to the long cell axis) is quite different at a macroscopic level as compared to directional differences of propagation in a single bundle at a microscopic level (Spach et al., 1981) .
Conduction Disturbances Leading to Reentry
The primary requirement for producing reentry in cardiac inuscle has been considered to be spatially nonuniform membrane properties; e.g., nonuniform recovery of excitability. We demonstrated that reentry can occur within a region having uniform membrane properties. Directional block can be produced by directional differences in cellular connections, so the pattern of propagation during reentry is related to the cell orientation, not to VOL. 50, No. 2, FEBRUARY 1982 regional differences in membrane properties. The effects on propagation produced by directional differences in the distribution of the cell-to-cell connections at a microscopic level were recapitulated at a macroscopic level due to the resultant discontinuities of effective axial resistivity. Our results show that branch sites and the junctions of separate muscle bundles represent areas in which the fiber orientation changes relative to the direction of propagation. These sites also are areas where the safety factor is low, as shown by the failure of propagation at these sites during premature beats and during elevation of the extracellular potassium concentration.
We found no evidence that the reentry we observed resulted from the electrotonic interaction of automatic and nonautomatic cells (Jalife and Moe, 1976; van Capelle and Durrer, 1980) or that it could have been due to an altered pattern of parasystole with "reflection" (Antzelevitch et al., 1980) , since there was no evidence of diastolic depolarization in the preparation; i.e., without artificial stimulation, the preparation did not beat. It is interesting that the conduction disturbances shown in Figure 8 are descriptively similar to those usually considered to require longer refractory periods in the direction of propagation. However, the refractory period measurements indicate that increased refractoriness in the direction of propagation cannot be the cause of the multiple conduction disturbances leading to reentry: the longest refractory period was at the stimulus site, and the difference in refractory periods across the junction site was negligible, if not in the opposite direction required to explain the failure of propagation.
The major conduction disturbances based on nonuniform membrane properties that have been considered necessary for reentry include the following: (1) decremental conduction due to changes of membrane properties along the course of the fibers (Hoffman and Cranefield, 1960; Vassalle and Hoffman, 1965 ); (2) functional longitudinal dissociation due to differences in refractory periods, such as suggested for the dual AV conduction system of Moe et al. (1956) ; (3) unidirectional and bidirectional conduction block due to spatial differences in refractory periods (Moe et al., 1964; Allessie et al., 1976) ; and (4) "slow conduction" due to "slow response" action potentials, which are considered by Cranefield (1975) to cause the low conduction velocities necessary to produce reentrant propagation in cardiac muscle. The results of our study indicate that all of these classical conduction disturbances can be produced by the structural complexities known to be present in the tissue.
The question naturally arises as to what is the minimum degree of complexity of a realistic model for reentry in cardiac muscle. Our results indicate that reentry can occur without the necessity of a variation in membrane properties, such as regional differences in refractory periods (Moe et al., 1964; Allessie et al., 1976) or electrotonic interaction of cells with automatic activity (van Capelle and Durrer, 1980; Antzelevitch et al., 1980) . In proposing the "leading circle" concept, Allessie et al. (1977) indicated that the reentrant propagation in the left atrium they measured was due to spatial differences in refractory periods without a gross obstacle for the impulse to circulate around; i.e., there was no inexcitable central obstacle. Our results show that the sites at which muscle bundles branch and join together represent discontinuities that present no significant barrier to the propagation of normal and moderately depressed action potentials, but which can be the sole basis for propagation failure during early premature beats and depressed states. In the pectinate muscle area of the atrium, we found that the anatomical arrangement of the small interconnecting muscle bundles provide multiple discrete and separate "pathways" for propagation within a very small area (1 cm 2 ) and that the muscle bundle junctions represent sites of conduction block during reentrant beats.
The results at a microscopic (Spach et al., 1981) and macroscopic level suggest that the occurrence of reentry in a given region of the heart depends on a combination of mechanisms, related both to spatial differences in membrane properties and to anatomical complexities. The anatomical complexities include (1) anisotropic cellular coupling at a microscopic level (producing saltatory or discontinuous propagation), (2) macroscopic discontinuities of effective axial resistivity represented by branch sites and the junctions of muscle bundles, and (3) the geometric arrangement of muscle bundles and the locations of the connection sites. Thus, reentry is a function of the specific combination of these mechanisms, any one of which can act independently or in combination with the others, depending upon the state of the membrane properties and the anatomical complexities involved within the area comprised by the reentrant pathway.
